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The Law of Molecular Attractiom 483 

4. :Polonium and the active deposit of thorium emit a 
radiation which is completely absorbed /)y 0"64• 10 -4 cal. 
of alumlnlum. This radiation causes the emission of elec- 
trons from metals which it strikes. I t  consists of two portions, 
one of which is pr imary and not appreciably affected by an 
electric field;  the other is secondary and consists of 
electrons whose velocities range from less than 3"8 • 10 ~ to 

more than 24"4• 10 ~cm'. Wertensteln has found that l~aC 
s e c .  

emits similar soft radiations, which ionize a gas; he attri- 
butes the primary radiation to the recoil atoms. 

5. The secondary radiation is emitted not ooly by the 
source, but by any object on which a-rays are incident. The 
electrons of which it consists have considerably higher velo- 
cities than the S-rays hitherto recognized. 

6. A part, at least, of the ordinary S-radiation is due, not 
to the direct action of the a-rays, but to these secondary 
rays. So far as can be concluded f r , m  the present experi- 
ments, it is quite possible that the whole of the S-ray effect 
may be thus produced. 

Sloaue Laboratory, Yale University, 
June 4, 1912. 

X L V .  The Law of Molecular Attraction. 
B~/J .  E.  MILLS *. 

D R. R. D. K L E E M A N  at f i r s t t  proposed an inverse 
fifth power taw o[ molecular attraction, i t  was 

pointed out :~ that this law was not at all in agreement with 
the facts, and he then claimed w that an inverse seventh 
power law gave an equation, 

L - - E e  
d2_  D~ -- constant . . . . .  (1) 

which was in as good agreement with the facts as an 
equation, 

L - - E e  
dl/a _ D 1 / ~ -  constant, . . . , (2) 

derived by the author from an inverse square law of 

* Communicated by the Author. 
"~ Phil. Ma~.. xix. p. 795 (1910). 
+ Mills & MacRae, 3ourn. Amer. Chem. Soc. xxxii, p. ]175 (19]0). 
w Phil. Mag. xx. p. 678 (1910) 
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484 Dr. J. E. Mills o n  t I t e  

attraction. In these equations L--Ee is the internal heat of 
vap~)rization, and d and D are the densities of liquid and 
vapour respectively. 

It is fortunately possible to test the correctness of 
Kb,eman's statement by reference to the facts. Prof. Sydney 
Young in 1903 wrote me that he considered benzene, fluor- 
benzene, normal pentane, normal hexane, and isopentane as 
probably yielding the best experimental results among the 
substances measured. For testing Kleeman's equation I 
therefore chose the three of the above substances of d~ft'erent 
type, and in addition ethyl oxide and carbon tetrachloride as 
representing other types of compounds. The data used are 
completely given by Young *. I give the results of the test 
of both my own and Kleeman's equation below (pp. 486--487). 
The average of the constant was in each case taken to the line 
drawn, and all divergences greater than 2 per cent. from this 
average are marked by an asterisk above and to the right. 
My, equation gives for these five substances two divergences 
from the average value of the constant greater than 2 per cent. 
Kleeman's equation gives with isopentane 6 such diver- 
gences, with normal pentane 5, with ethyl ether 9, with 
benzene 15, with carbon tetrachloride 12. But this is not 
all. My equation gives for the entire 26 non-associated 
substances measured by Young and his co-workers not a 
single divergence t greater than 2 per cent. from the mean 
~,alue of the constant given, except as introduced by known 
errors occurring at 0 ~ C. (,30 ~ for bromo-benzene) near the 
critical temperature, and for di-isobutyl, all as noted below. 
From the average values of the constants there given my 
equation shows for these 26 substances within the limits 
stated divergences greater than 2 per cent. only for chloro- 
benzene at 130 ~ (2"15 per cent.), carbon tetrachloride at 
250 ~ and 260 ~ (see above), and ethyl propionate at 100 ~ 
(2"1 per cent.). The last line on p. 91 of the article just 
cited should read " more than i per cent. from the average 
values are marked above and to the left with a." Kleeman's 
equation, as shown more fully below, in no case investigated 
gives results which can possibly be regarded as within 
the limit of the experimental error of the measurements 
involved. 

Near the commencement of my work upon molecular 
attraction some eight years ago I discussed ~ the way in 
which the various errors of measurement would affect the 
constant. For a discussion of the errors of measurement 

Sci. Prec. Roy. Dublin See. xii., June 1910. 
t Phil. Mug. July 1911, p. 84. 
:[ Journ. Phys. Chem. viii. pp. 392-397 (1904). 
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Law of Molecular Attraction. 485 

themselves, see Young *. I at that time adopted 2 per cent. 
as the probable allowable limit of divergence in the constant 
due to the errors of measurement as compounded and multi- 
plied in their effect upon the constant, and Dr. Young, who 
with his co-workers made the measurements, acquiesced. At 
that time my own results showed many divergences in the 
constant greater than 2 per cent. from the mean value. I 
set ~bout finding the reason for these divergences, and as the 
statement has been made that my equation is probably acci- 
dental, I would like to call attention to some of the really 
remarkable "acc iden t s"  that have happened in the course of 
my investigation. 

1. Ethyl oxide.--Unusual variations in the "cons tan t "  at 
and above 185 ~ caused me to suspect an error in the heats of 
vaporization as calculated by Ramsay and Young. Young 
repeated the calculations at my suggestion and corrected the 
error t.  

2. Di-lsobutyl showed some divergent values of the con- 
stant which resisted explanation. Finally, in 1906, I wished 
to measure the substance further, and Dr. Young very kindly 
agreed to let me have the original substance. On getting 
the liquid, which had been very carefully preserved in a 
well-stoppered bottle, small crystals were found in the bottom 
of the bottle. On pouring off the liquid and attempting to 
fractionate it, further crystals appeared in the Young's 
fractionating column and even in the condenser-tubes~ the 
boiling-point of the liquid meanwhile remaining apparently 
constant. This remarkable fact caused Dr. Young to say 
that possibly the liquid was impure when measured, a remark 
he has since taken care to repeat $. I was not able to purify 
t h e  liquid and could not at the time prepare more, so that 
no further measurements were made, 

3. Stannic chloride.--The divergences first found, which I 
originally thought must be due to some decomposition of the 
substance, were later shown to be due to an error in my own 
calculations. 

4. Chloro-benzene.--To explain certain divergences at 250 ~ 
to 270 ~ I suggested in 1904 w that the Blot formula used for 

dP 
obtaining the ~-~ was probably wrong. This explanation 

was shown some five years later to be correct when Young 
himself recalculated the formula. 

Sci. Prec. Roy. Dublin See. xii. No. 31 (1910). 
Journ. Phys. Chem. viii. p. 635 (1904). 
Sci. Prec. Roy. Dublin See. xii. No. 31, p. 384 (1910). 

~ ffourn. Phys. Chem. viii. p. 400 (1904). 
Phil. Mag. S. 6. Vol. 24, ~'o. 142. Oct. 1912. 2 K 
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486 Dr. J. E. Mills on the 

Ethyl  oxide. 

Temp. L--Ee L--E, 

Average d2- -  D~ d l / ~ - - l /  /~ 

constant. . .  161"4 103"76 

0 ~ C. 157"6 105"6 

10 157"7 104"8 

20 157'2 1039 

30 157"3 103"4 

40 157"8 103"0 

50 158"8 102"9 

60 158"9 102'9 

70 159'0 102"7 

80 . . . . . . . . .  159"6 1029 

90 161"1 103"2 

100 162"2 103"6 

110 163'2 103'8 

120 164"6 104"1 

130 165'9 104"6 

140 167'1 105"0 

150 167-1 105'1 

160 165-9 104"6 

170 163"8 103'5 

180 161"6 101"9 

:Normal pentane. 

L - -E e  L - E e  

~_D-~  ~/1/3_ 1)1/8 

212"2 109'94 

206"1 111"1 

204"8 108"6 

207.2 109'4 

208"1 109'3 

209'5 109'6 

210"5 I O97 

211"5 1098 

212"4 1099 

213-1 I l O 0  

214"7 1105 

216"6 111"1 

216"6 111"0 

2156 110"5 

216'0 1105 

215"6 110"3 

215"6 110"3 

213"2 109"3 

Isopentane. 

L - E  L - E e  
t'2 _ O d l / '~ - -D  U~ 

201"4 105-46 

199'6 107"2 

194"8 104"5 

197"1 105"1 

198"2 105' 1 

198"3 104"8 

198"8 104"7 

199"0 104'5 

199"4 104"4 

2O0"8 105"0 

202"3 105"4 

203"9 105"(,) 

204"3 106"0 

205"1 106'3 

205"9 106"5 

206'5 10~; 7 

206'6 106'9 
4~ 

2062 1067 

203"0 105"5 

197'4 103"4 

190 153'6 97'4 205"8 106"3 

Critical tem- 
perature. . .  193o.8 197o.2 187o.8 
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Law of Molecular Att~'actlon. 487 

~ e n | p .  

Average  
c o n s t a n t  . . .  

0 ~ C . . . . . . .  

70  . . . . . . . . . . . .  

8 0  . . . . . . . . . . . .  

90  . . . . . . . . . . . .  

100 . . . . . . . . . . . .  

110 . . . . . . . . . . . .  

120 . . . . . . . . . . . .  

130 . . . . . . . . . . . .  

140 . . . . . . . . . . .  

150  . . . . . . . . . . . .  

160 . . . . . . . . . . . .  

170 . . . . . . . . . . . .  

180 . . . . . . . . . . . .  

190 . . . . . . . . . . . .  

2 0 0  . . . . . . . . . . . .  i 

210  . . . . . . . . . . . .  i 

220  . . . . . . . . . . . .  i 

230  . . . . . . . . . . . .  

240  . . . . . . . . . . . .  

250  . . . . . . . . . . . .  

260  , . . . . . . . . . . .  

270  . . . . . . . . . . . .  

280  . . . . . . . . . . .  

Gr i t iea l  t e m -  
p e r a t u r e . . .  

Benzene.  

L - - E e  L - - E e  

134"1 109"26 
I 

122"4 108"3 

129"6 108 '7  

130 '7  109 '2  

131"0 109 '1  

131"1 108"7 

131"2 108"3 

130 '8  107 '6  

131-8 107"9 

132"7 108"2 

133"6 1 0 8 ~  

134"7 109"1 

135"8 109"4 

136"9 110"1 

137"2 110"1 

137"3 110"1 

138 '5  110"7 

138"3 110"5 

138"1 110"4 

1 3 8 ' 0  110 '4  

138"2 110"5 

137"5 110 '2  

135"9 109"3 

133"1 107"8 

2880"5 

C a r b o n  te t rach lor ide .  

L - E e  L - E e  
d2--D ~ dl/3. D1/3 

197"2 44 '01 

4~ 

181 '4  43-5 

189"9 43 '5  

191"0 43 '5  

192"2 43 '6  

192 7 43"5 

193"1 43"5 

193"9 43"5 

194"3 43"4 

195"1 43 '5  

196"0 43"5 

197"6 43"8 

198"9 44"0 

198"6 43"9 

199'1 44"0 

200"5 44 ' 2  

201 "7 44"3 

202-8 44"5 
r162 

203"9 44 '8  

204  '9 44"9 

205 '6  45 '2  

2O4"4 45"0 

201'0 44"5 

196"3 43"9 

283 ~ 15 

2 K 2  
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488 Dr. J .  E.  Mills on the 

5. Bromo-benzene showed divergences at 30 ~ and at 160 ~ 
and 170 ~ I thought these errors due to the Blot formula 
and to the vapour-density *. Later  these errors were greatly 
reduced by a recalculation of the Blot formula by Young, 
and by the slight revisions made by Young in some of the 
volumes of the saturated wTour .  At 30 ~ the value still 
differs from the mean by more than 2 per cent. At  this 
temperature the vapour-pressure has a value ot" only 5"67 

dP  
millimetres of .mercury ,  and the ~-~ is but a fraction o~ a 

millimetre. I t  can be easily seen that one could not hope to 
obtain with any degree of certainty the true value (within 

dP  
2 per cent.) of the ~ from the Blot formula at this, its end 

point. The calculated vapour-density is also us~.d, and this 
introduces some error. 

6. Iodo-benzene.--I thought  the divergences at 190 ~ to 
210 ~ to be due to the vapour-density (volume) and so stated t .  
Later  Young's revisions showed these errors to be laro'el~ y 
due to the vapour-density but part ly also to the Blot formula. 

7. J/-fethyl~brmate.--In 1 9 0 6 ,  I stated that the divergences 
at 30 ~ and 40 ~ were probably due to the vapour-densit~'. 
Later,  Young resmoothed these values and the divergences 
disappeared. A change in the value of the mean likewise 
caused the divergence at 180 ~ to decrease to within the 
2 per cent. limit. 

8. Ethyl acetate.--A change in the average due to the 
revision of the vapour-density by Young caused the diver- 
gences at 220~ 230 ~ to come within the 2 per cent. limit. 

9. Methyl isobutyrate.~At 130 ~ a misprint of 105 tbr 103 
in the volume of the vapour was found by Dr. Young w upon 
examining the original manuscript at my request, and a 
corresponding " d ivergence"  in the constant disappeared. 
Other misprints were found in the course of my work, but 
I shall always consider the discovery of this particular mis- 
print an unusual achievement had it been "~ccomplished by 
the use of a merely " a c c i d e n t a l "  relation. Recalculation of 
the Blot formula and resmoothing of the vapour-density by 
Young also caused the divergence at 260 ~ to come within the 
2 per cent. limit. 

10. The values at 0 ~ C. were often high. This was known 
all along to be due in part  to the use of the calculated density 

Journ. Phys. Chem. viii. p. 400 (1904). 
t .[bid. viii. p. 401 (1904). 
i Ibid. x. p. 18 (1906). 

Ibid. xi. pp. 621-622 (1907). 
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Law of Alolecular Attraction. 4:89 

of the  vapour ,  d i r ec t  measu remen t s  be ing  not  usual ly  avail-  
ab le  a t  this  point .  The same is t rue  of bromo-benzene and 
lode-benzene  a t  30 ~ The e r ror  so caused can be es t imated  
by  a method po in ted  out  b y  Y o u n g  *, and  I g ive  below the 
p robab le  amoun t  of the  e r ror  thus  in t roduced .  

Di-isopropyl ............ 
Di-isobutyl ............ 
Isopentane ............... 
Normal pentane ...... 
Normal hexane ......... 
Normal heptane ...... 
Normal octane ......... 
Hexamethylene ......... 
Benzene ............... 
Fluor-benzene ......... 
Chloro-benzene ......... 
Bromo-benzene at 30 ~ 
Iodo-benzene at 300... 

Reduced. 
temp. 

0"55 
0"50 
0"59 
0"58 
0"54 
0"51 
0"48 
0.49 
0"49 
0"49 
0"43 
0"45 
0"42 

Error. 

per cent. 
1"5 
0"9 
2'2 
2'0 
1'4 
1"0 
0"6 
0"7 
0"7 
0"7 

Very little 

Nearly correct 

Carbon tetrachlorlde. 
Stannic chloride ...... 
Methyl formate ...... 
Ethyl formate ......... 
Methyl actate ......... 
Propyl formate ......... 
Ethyl acetate ............ 
Methyl propionate ... 
]?ropyl acetate ......... 
Ethyl propionate ...... 
Methyl butyrate ...... 
Methyl isobutyrate . .  

Re !lueed 
' , e m p .  

D'49 
D'46 
D-56 
0"54 
0"54 
9"51 
0"52 
0"51 
0"50 
0"50 
0'49 
0"505 

Error. 

~or cent. 
0'7 
0"5 
1"7 
1"4 
1'4 
1"0 
1'1 
1"0 
0'9 
0"9 
0-8 
0"9 

These e r ro r s  cause  p r ac t i c a l l y  the  same pe rcen tage  errors  
in the  heats  of vapor iza t ion  and in the  constants ,  mak ing  
t h e m  too la rge .  A f t e r  m a k i n g  these  correc t ions  the  values 
of the  cons tants  a t  0 ~ are  a p p a r e n t l y  as much below as above 
the average .  F u r t h e r  r a the r  l a rge  var ia t ions  a t  this point  
a re  caused by the necessary  u n c e r t a i n t y  in ob ta in ing  the 

d P from the  Blot  f o rmu la  at  and near  i ts  end point.  The 
dT d P  
vapou r -p r e s su re  is here  v e r y  small ,  and the ~-~ sometimes 

on ly  a f rac t ion  of a mi l l ime t re ,  and  the  mul t ip l i ca t ion  of the  
p e r c e n t a g e  e r ro r  is the re fo re  enormous.  

l l .  Some few misp r in t s  which i t  is no t  t hough t  necessary 
to de ta i l  were  b rough t  to l i gh t  d u r i n g  the  close sc ru t iny  to 
which the measu remen t s  were subjec ted .  

12. As  the  c r i t i ca l  t e m p e r a t u r e  was approached ,  the 
cons tan t  of m y  equat ion showed a l a rge  and pers i s ten t  
decrease  for  a l l  substances ,  not  accounted for by any  facts 
t ha t  were k n o w n  when  I began  m y  work.  I devoted much 
t ime  to a s t u d y  of  these  d ivergences  and  was led to the  
d i scovery  of  th ree  new facts.  

�9 irst.'----At and  near  the  c r i t i ca l  t e m p e r a t u r e  the  values of 
the  wtpour -p res su re  ca l cu la t ed  f rom Y o u n g ' s  Blo t  formulae 
were  never  in exac t  accord  wi th  the observed vapour -  
pressures ,  the  obse rved  vapour -p ressures  be ing  with  one or  

�9 ' Stoichiometry,' p. 342. 
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490 Dr. J .  E.  Mills on the  

two exceptions greater  than the calculated. The difference 
was insignificant when compared with the total vapour- 
pressure, but occurred ra ther  suddenly, thereby altering the 
trend of the vapour-pressurc curve and causing very serious 

dP  
errors in the ~-~ calculated from the Blot curve. This fact  

was discussed at length in my fourth pape r* ,  and it was 
clearly revealed later that  no possible recalculation of the 
Blot  formulm constants c o u l d  possibly make the calculated 
values of the vapour-pressure fit the observed values in the 
immediate neighbourhood of the critical temperature.  
Young has recognized this point and called attention to it r 

S e c o n d . - - ; [  noted $ that  the wdues of k for the critical 
isochors which Young and his co-workers had obtained for 
isopentane, normal pentane, and ether, must be identical 

dP  
with t h e e - o f  the saturated vapour at the critical temperature.  

Young acknowledged this fact and has called public attention 
to it w The  discovery was extremely fortunate, for it gave 

dP  
fairly accurate values for the ~ at  the critical point for 

three substances. The limit of the equation 

L - - E  e 
--  constant 

dl/'3 _ D1/~ 

at the critical temperature  as d approaches D in value is, 

3V~ x 0"0431833 T - - P  = c o n s t a n t , .  (3) 

and the values of the constants for the three substances m e , -  
tioned then come out as follows : - -  

Isopeu tane ......... 

Normal pentane. 

Ethyl oxide ..... 

Using 
dP d,i, fr(,m Blot 

tbrmula. 

95"5 

97"3 

90"5 

Using 

IP, from k. 

107"2 

111"1 

100'4 

Using 
dP 2R 
cr  fro,,, 

107'05 

109"4 

102"0 

Average of 
values at lower 
tern peratures. 

105"46 

109"94 

103"76 

* Journ. Phys. Chem. vol. ix. p. 402 (1905). 
t ' Stoichiometry,' pp. 129-130. 

Journ. Phys. Chem. viii. ,p. 594 (1904). k is in that paper called b, 
following Ramsay and Young s original nomenclature. 

w ' Stoichiometry,' p. 213. 
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Law o[ Molecular Attraction. 491 

Third . - - I  further found "~ that, if Crompton's equation 
dP 

was true, the ~ at the critical temperature was equal to 

2R/V~. I give the corresponding values at the critical 
temperature of the constant so obtained above. This relation 
I later fcund had earlier been noted as an empirical fact by 
Dieterici t .  

So final|y, excepting the values at 0 ~ (30 ~ for bromo- 
benzene and iodobenzene) and near the critical temperature, 
and di-isobutyl, every single divergence greater than 2 per 
cent. from the mean value of the constant for the remaining 
25 non-associated substances measured by Young and his 
co-workers was found to be due to errors and removed. The 
divergences at 0 ~ and near the critical temperature and ibr 
di-isobutyl were satis/hctorily explained. 1 now have the 
satisfaction of knowing that, within the limits above stated, 
8 of the 25 substances show not a single divergence of the 
constant greater than 1 per cent. from the average value, 
and tllat there are only ]7 divergences over 1"5 per cent. 
out of a total of 43t  comparisons, and these divergences 
occur where known errors of observation and calculation are 
greatest. 

I have been asked to believe that this equation is an 
accident. My answer is that years of labour have shown that 
where there were originally material discrepancies between 
the equation and the measurements, these discrepancies were 
not due to the inaccuracy of the equation. The equation 
stands today in complete accord with the facts. 

I would remark that in not a single instance was any 
error corrected, or any measurement smoothed, or Blot 
formula recalculated, except by Dr. Young himself; and 
probably when the revised values were sent me by Dr. 
Young he has never in a single instance (except where 
mere misprints were corrected) been able to foresee whether 
his revisions would benefit or injure the " cons tan t"  that I 
was to obtain from their use. In revising the volumes 
(densities) of the saturated vapour, and in recalculating some 
of the Bier formulae, Dr. Young had other reasons than 
those given above for undertaking the revision, and the fact 
that I had previously in some instances suspected that such 
revision was desirable was only incidental. Dr. Young has 
himself collected and republished :~ ltbe complete revised 
data that I have used. 

* Journ. Phys. Chem. vol. ix. p. 402 (1905). 
t Ann. der _Physik, xii. p. 144 (1903). 
:[ Sci. Prec. Roy. Dublin Soc. xii. No. 31 (1910). 
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492 Dr. J .  E.  Mills on the 

I am deeply indebted to Dr. Young for the assistance 
which be has most kindly given me during the progress of 
my work. The casual reader will hardly appreciate the 
immense labour involved in locating and removing the errors 
mentioned in this paper. But  I hope that he will understand 
that their  discovery and removal was not the result of 
accident and could not have been accomplished had tile 
relation which served as my guide been a mere approxi- 
ma t ion - i t s e l f  the result of an accident. 

Is the equation exactly t rue? I t  agrees with the facts at 
present known as accurately as the corresponding measure- 
ments have been made, and it is fortunate that they have 
been made with wonderful accuracy. But in my opinion, 
the equation has a theoretical significance and could only 
be exactly true with absolutely stable and absolutely non- 
associated substances. We have liquids nearly fulfilling 
these conditions from 0 ~ C. to their critical temperature, but 
the esters and some of the other substances measured will 
probably not be found exactly to fulfil this condition through- 
out so wide a range of temperature. 

Considering the constant of Kleeman's equation, 

L - E  
d2_  D.~ ---- constant, 

more closely, it will be noted that for isopentane, certainly 
one of the most carefully measured of the substances, the 
constant increases from 194"8 at 10 ~ to 206'6 at 150 ~ (the 
high value at 0 ~ is due to the use of the calculated vapour 
density), or an increase of 6 per cent. There is a similar 
increase with the other substances. 

Now if a diagram of the L- -Ee  and density lines for 
isopentane be made, it  will be seen that tbe L- -Ee  line is 
approximately straight to 120 ~ C. as is also the line for the 
density of the liquid. Now at 120 ~ d ~ for isopentane is 0"2491 
and D ~ is 0"0010. Therefore up to and below 120 ~ D ~ is 
practically negligible compared with d 2. Throughout this 
temperature interval Kleeman's equation practically reduces 
to 

L - - E ,  = constant. 
d ~ 

Now while there are small individual errors in L--E~ the 
trend of the line is certainly most accurately established. 
The errors in d, and consequently in d ~, are very small. 
Hence the steady increase shown by the constant of 
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Law of Molecular Attraction. 493 

Kleeman's equation for this substance is unquestionably due 
to the fact that his equation does not represent the facts. A 
similar examination of the other substances tested will 
compel the same conclusion. 

Regarding the tests made by Kleeman of his relation, 
I would say that he used the unrevised data given in my 
earlier papers. His tests are therefore not as correct as it is 
possible to make them. His own tests do, however, when 
the substances measured by Young are considered, completely 
bear out the statement here made that his equation does not 
represent the facts. ]n the light of the results he gives I do 
not see how it was possible for him to claim that the equation 

L--Ee 
d~_,D~ -- constant 

is as accurate as 

L - E e  ----constant. 
dl/a_ D1/3 

Also I would point out that I had previously investigated * 
the important equation of Dieterici for all of the substances 
which Kleeman examines. A n d  the relation between 
Dieterici's equation and mine which Kleeman points out in 
later papers, had already been discussed either by Steinhaust 
or by myself $. 

Kleeman further states w that an infinite number of 
equations must exist giving true relations between the heat 
of vaporization and the density of a substance, and therefore 
that the law of molecular attraction cannot be deduced from 
any such relation. Several different phases of this position 
should be clearly understood. 

1. I t  is impossible to get more out of a mathematical 
process than we put in. This is universally admitted, and 
Kleeman's conclusions, if correct, must be as he states, a 
consequence of the nature of the heat of evaporation. 

2. When one simply measures the heat of vaporization of 
a given substance under a given set of conditions, there is no 
a priori method of finding out what that heat went to do. 
Were it not for other known facts one might suppose that 
there was no attraction whatever between the molecules and 
that all of the heat was expended in pushing back the 
external pressure. This hypothesis is readily disproved, and 
the amount of energy that was actually used in pushing 

�9 Journ. Am. Chem. Sci. xxxi. p. 1099 (1909). 
Studien zum 15"oblem der Zustandsgleichung, p. 38~ etc. 
Zoo. cir. 

w Phil. Mag. xx. p. 901 (1910) and later articles. 
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494 Dr. J .  E. Mills on the 

back the atmosphere is readily calculated. There is a 
surplus. Again there is no a priori  method of deciding 
whether any or all of that surplus actually did go to over- 
come molecular attraction. I t  might have been used to 
increase the kinetic energy of the individual molecules. I t  
might have been used--in part at least--to effect certain 
chemical changes, or other interatomic actions. I f  no other 
fact be taken into consideration, and no hypothesis be 
allowed, it clearly would be impossible to deterinine how 
much energy went to overcome molecular attraction, and 
consequendy the actual law of the attraction could not be 
determined. 

In a search for the true law of molecular attraction from 
among the infinite suppositions which a complete ignorance 
of the facts would make possible, two limitations exist and 
should serve as a guide to our work. These are mentioned 
below. 

3. The first limitation might be called the simplicity of 
nature. The nmnerous compounds in the universe are made 
up of perhaps about eighty elements. These elements, it is 
very probable, are themselves composed of one or more very 
much simpler bodies. These bodies have doubtless certain 
properties as to shape~ size, motion, &c., and the intricacy of 
things as we see them is produced doubtless from the 
action of a very few simple laws. The motions of the 
planets are complex, but the laws that cause these motions 
aro very simple. The very fact that we search for a law of 
molecular attraction {instead of supposing that each attraction 
is different) is itself a recognition of the simplicity of nature. 

Has not Kleeman perhaps lost sight of the probable 
simplicity of nature when he produces + as his fundamental 
equation for the heat of wLporization, L, the following 
relation : - -  

,t~ L'~t, *t~, "/t, V e 7 -6 
�9 - a  t 

. . . ( 4 )  

w h e r e  

and 
+ + + v T  

I t  is not necessary to explain tlm meaning of the symbols. 

* Phil Mag. October 1911, p. 867. 
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Law of Molecular Attraction. 195 

The expression for the internal heat of vaporization, )~, as 
actually deduced by the author and shown to be in accord 
with the facts, is, 

X = constant (~v/d-- ~ / D ) .  

Here we only desire to contrast the equations as to 
simplicity, remembering that such a test is justified by ,nr 
knowledge of nature and her laws. I do not mean to be 
unfair to Kleeman. His equation is a general one, and 
under certain conditions would, I think, reduce to mine. 
I do mean to say that in my opinion the fundamental laws 
of nature will prove to be simple, and that they can be 
represented simply when they are understood. 

4. The second limitation is the limitation imposed by the 
facts which it is possible to connect with the problem. By 
making what l considered legitimate use of known tilcts, I 
have escaped many difficulties and could approach a solution 
of the problem of molecular attraction in a relatively simple 
manner. 

5. I certainly agree that if we were completely ignorant 
of other facts, than a knowledg'e of the heat of vaporization 
it would be Impossible to deduce the law of molecular 
attraction. But Kleeman apparently admits, or tentatively 
admits, that our knowledge enables us to connect the internal 
heat of vaporization, X, with the changes in density of the 
substance p according to an equation, 

X=,/,(p) . . . . . . .  (5) 

From this fact alone--the fact that the internal "latent 
heat is some function of the density of the substance-- 
Kleeman deduces the statement that the internal heat and 
the density of a sul~stance can be connected by an infinite 
number oi' equations. 

I t  is perfectly true that both sides of equation (5) can be 
multiplied or divided by the same quantity, or increased or 
diminished by the same quantity, and thus an infinite 
number of equations can be obtained. But these equations 
are all identical, and it would certainly be misleading to 
speak of them as an infinite number of equations connecting 
the same two quantities. 

Moreover, a transibrmation of coordinates could be made, 
or other changes could be nmde in our symbols of expression, 
and thus the relation between p and X could be expressed in 
various ways. But no one can claim that the relation 
between p and X is changed, or that other relations between 
p and X exist, merely because we change our symbols for 
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496 Dr. J. E. Mills on the 

expressing a certain relationship which they actually do 
possess. 

Again, it is possible to approximate any simple curve more 
or less closely by a number of quite different equations. 
Thus the vapour-pressure curve has been approximately 
reproduced by various equations. But these equations for 
the most part make no attempt or pretence to represent 
nature. So far from all of them being true they are none 
of them exactly true. If one could be found exactly true, 
then its variables and constants would have a more than 
mathematical significance; that is, they would represent 
certain variables and constants of nature which we might 
say " determine" tile vapour-pressure curve. If  Kleeman 
means that as a mathematical exercise he can produce by 
the use of arbitrary constants various equations connecting 
the densities and internal heats of vaporization with an 
approximation to the truth: I will grant it. But if he means 
that in my work I have overlooked a constant of integration 
I think he is wrong. 

Considering equation (5) as representing per se the relation 
between the internal heat of vaporization and the density 
of the substance, it is clear that from equation (5) alone it is 
impossible to deduce the fact that an infinite number of 
different relations exist between p and ~.. Because such a 
deduction would place us in the position o f  being able to prove 
that because one relation existed between two quantities, an 
infinite number of  relations must exist between the same two 
quantities. 

6. It remains to locate the exact errors in Kleeman's 
proof of his position. Without quoting his proof, and 
proceeding on the supposition that it is available to those 
interested in locating the error, I deal first with the proof 
when the internal heat of vaporization L is expressed as a 
function of the density of the liquid and the temperature 
according to the equation L----~(p, T). (Kleeman's symbols 
are used in this section.) Kleeman's first step is to draw a 
curve A1A2 (fig. 1) to represen~ this equation at the 
temperature T1. Now as a matter of fact for a particular 
substance, at a particular temperature, there is but one 
value of the heat of vaporization and Kleeman's  curve should 
be a point.  

Considering next the proof when L=~2(p) ,  and AI~A~ ~, 
fig. 2, its graph. Kleeman then says : " Let the difference 
between the ordinates cla2, bl, b2 denote the latent heat of a 
liquid corresponding to the temperatures T1, T2 . . . . .  etc." 
Since there is in reality a relation between p and T (a relation 
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Law of Molecular Attraction. 497 

none the less real because it is not given in the above equation) 
I do not see that the above supposition is legitimate. The 
difference between the ordinates named, as I see it, might 
not denote the latent heat of the liquid corresponding to the 
temperatures named. I think that there are further ob- 
jections to the proof given, but it seems to me that the one 
named is sufficient. 

I do not see any reason to suppose, nor any way to prove, 
that an infinite number of true and yet  different relations 
exist between L and p as a matter of reality, and if relations 
are found mathematically which do not exist in reality the 
fault is with the mathematics. 

7. The actual facts, it seems to me, are precisely the 
reverse of the condition for which Kleeman is arguing. I f  
in nature there are two phenomena so dependent upon each 
other that one can be expressed as a function of the other, 
we have an equation. If,  now, these same phenomena can 

connected by a different equation, and one which could 
not be reduced to the first equation, it simply means that 
the phenomena are related in another way. And the discoverv 
of the second relationship in no wise diminishes the signS- 
ficance of the first relationship. Thus Dieterici has shown 
that the internal heat of vaporization, •, is equal very 

approximately to CRT1 d n ~ .  This fact in no wise diminishes 

the imt)ortance of the relation 
t 3 -- 3 - - - -  x = ,  

pointed out by the author. The one equation arises probably 
from the motion of the molecules, the other from the 
attractive forces that operate between them ; and since these 
forces under certain conditions are in equilibrium, it becomes 
possible to have two different expressions for the same 
quantity. I f  Kleeman can show a third true equation for X, 
which does not introduce constants or relations having no 
natural significance, it simply means that there is some third 
relation existing between the quantities and some " cause"  
for this relation, and he will have discovered a fact of 
consequence. The point I ~ish to stress is that when the 
equations are really different and really true, they represent 
different facts. 

8. Several years ago * I investigated certain equations 
obtained on the supposition that the molecular attraction 
varied as the inverse third, fourth, fifth, and sixth power of 

Jour. Phys. Chem. xi. p. 156 {1907). 
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498 Dr. J .  E.  Mills on the 

the distance between the molecules. I have in this paper 
extended the investigation to the inverse seventh power law. 
I t  is likewise not in accord with the facts. The inverse 
second power law gives an equation which is in accord with 
the facts. This it is impossible to deny. Those who seek 
to give another interpretation to the equation should 
remember that all of the other attractive forces follow a 
similar law as regards their variation with the distance apart 
of the attracting bodies. I t  is perfectly true that the 
numerator factors of these laws now appear to differ. My 
own idea is that this difference is due to a misconception. 
I think that  the total attraction (molecular, gravitational, 
electrical or magnetic) could be expressed by the law 
f constant 
---- ~ , the constant varying with the nature of the body 

and the attractive forcemperhaps being ultimately identical 
if its primary origin were understood. I think the usual 
numerator factors of the attractive force laws, ram' for 
gravitational, ee r for electrical, e tc  deal with the distribution 
of a perfectly definite attraction. 

9. Kleeman further attempts to disprove " Mills' law " by 
substituting in a formula he has deduced from surface tension 
considerations *. I t  seems to me that in this particular case 
Kleeman is t rying to make my law conform to his ideas. 
I am not surprised at its failure to conform to these ideas. 
I disagree with Kleeman's formulm and conclusions at many 
points, as I do here. 

Kleeman attempts further to show I" that the inverse square 
law of the molecular attraction cannot be true, pointing out 
the fact long ago recognized, that the gravitational attraction 
is not great enough to account for molecular cohesion. 
Sutherland ~. made the same criticism of the author's point 
of view. The criticism has already been answered w The 

, constant pM 
molecular attraction obeys the law ] = ,  ~ ( o r - ~ - ,  if 

you prefer, where ~ is a constant depending upon the nature 
of the substance, and M is a nmnber identical with or 
proportional to ordinary mass), and not the law which 

* Phil. Mag. ffan. 1911, p. 90. 
t Phil. Meg. Jan. 1911, p. 89 ; Aug., p. 356; also vol. xx. p. 902 

(1910). 
Phil. Mag. xvii. p. 664 (1909). 

~ ffourn, rh~ys. Chem. xi. pp. 145-153 (1907} ; xv. p. 417 (1911) ; Phil, 
Meg. October 1910, p. 629. 
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Law of Molecular Attraction. 499 
K M M '  

Kleeman is trying to apply, namely, f =  s - - - v - -  , where M 

and M / are the masses of the attracting particles. 
Prof. D. Tyrer raises an important point * when he says : 

" We see again that the specific heat of a fluid at constant 
volume increases as the density increases, and from this it 
must follow that in an isothermal change in density, intra- 
molecular energy is liberated. This result is of extreme 
importance in the investigation of the potential energy of 
liquids and molecular attraction. It vitiates at once all 
conclusions regarding molecular attraction based on the 
assumption that during the expansion of a liquid the whole 
of the energy absorbed goes to do work "~gainst molecular 
attraction, except of course the small amount which does 
work of expansion against the external pressure." The fact 
that the specific heat of a gas at constant volume increases 
as the density increases, and the consequences Prof. Tyrer 
mentions of this fact, have been long" known to me. Never, 
since my second paper in 1904, have I made the unqualified 
statement that the total energy of a molecule in the gaseous 
and in the liquid condition was the same. A distinct 
statement to the contrary was made in the sixth paper t- 
Also in a paper on Chemical Energy $ attention was called 
to the fact that there was some energy change which I did 
not then understand and that the total energy necessary to 
change a solid monatomic element from - 2 7 3 ~  to the 
liquid condition at its melting-point was about three times 
the kinetic energy of translation required by the element at 
that temperature. I may say that in my opinion it is 
essentially the fact noted by Prof. Tyrer that makes itself 
felt in various ways. In attempting to find the true equation 
of state, and in studying surface tension phenomena, as well 
as when studying specific heats, I continually found that 
where changes of temperature entered into the phenomena, 
the relations were not so simple as I had at first supposed. 
The question was studied from various points of view 
throughout a period of several years. The true explanation 
is I think given in my article on Temperature and Molecular 
Attraction w : 

" The energy given out by any two bodies originally at rest 
at an infinite distance apart in jormlng any stable configuration 
under the action of gravitational attraction is equal to the 

Phil. Mag. Jan. 1912, p. 112. 
+t Jour. Phys. Chem. xi. t)- 156 (1907). 

Trans. Amer. Electro-chem. S.)c xiv. p. 42 (1908). 
Phil. Mag. July 1911, p. 97. 
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500 Prof. D. N. IVlallik : Theory o] Electric 

kinetic energy which they retain and is, .for either body, inversely 
proportional to its mean distance .from their common centre o~ 
mass." I think unquestionably that a system of n bodies 
coming together under the influence of the molecular force 
would behave in so far similar]y that they would retain an 
amount of energ.~ proportional to that given out. This amount 
of retained energy is not to be confused with the kinetic 
energy of a perfect gaseous condition. The paper cited 
must be consulted in full. [ think it will then be clearly 
understood, that although the statement of Prof. Tyrer is 
true, yet  in all probability the facts that he mentions are not 
contradictory of an inverse square law o[ attraction but are 
in fact a consequence of that law. 

University of South Carolina, 
Columbia~ S.C., U.SA. 

April 25th, 1912. 

XLVI .  Theory of Electric Discharge in a De La Rive's Tube. 
By Prof. D. N. MALL~K, B.A. ,  Sc.D., F.R.S.E.  ~ 

1. ~ 7 " H E N  an electric discharge is passed through a 
T De La Rive's tube at different pressures, it  is 

found (" Magnetic Rotation of Electric Discharge," Phil. 
Mag. Oct. 1908) : - -  

I.  That there are three stages of the discharge : At a high 
pressurQ, the discharge is in the form of a shower, con- 
sisting of an infinite nmnber of rays. These, gradually,--as 
the pressure is diminished---form into a single band or 
stream ; as the pressure is further reduced, the band broadens 
and ultimately fills the whole tube as a glow discharge. 

2. Now an electric discharge is a procession of corpuscles 
shot of[ from the negative electrode undar the influence of 
the electric field and ions, positive and negative, produced 
by collision of these corpuscles with the molecules of tha 
enclosed gas. 

The ions and the corpuscles exert electric force on one 
anoth6r, and as they are in motion they exert a magnetic 
force as well. ]Y[oreover, these masses moving through the 
fluid medium must exert an additional apparent force on 
one another, besides experiencing a viscous retardation in 
the direction of motion. 

The effect of these forces along a line of discharge affects 
motion and collision along the llne, and therefore need not 

* Communicated by the Author. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
2:

44
 2

9 
Ju

ne
 2

01
6 


